The stable signal peptide (SSP) of the lymphocytic choriomeningitis virus surface glycoprotein precursor has several unique characteristics. The SSP is unusually long, at 58 amino acids, and contains two hydrophobic domains, and its sequence is highly conserved among both Old and New World arenaviruses. To better understand the functions of the SSP, a panel of point and deletion mutants was created by in vitro mutagenesis to target the highly conserved elements within the SSP. We were also able to confirm critical residues required for separate SSP functions by trans-complementation. Using these approaches, it was possible to resolve functional domains of the SSP. In characterizing our SSP mutants, we discovered that the SSP is involved in several distinct functions within the viral life cycle, beyond translocation of the viral surface glycoprotein precursor into the endoplasmic reticulum lumen. The SSP is required for efficient glycoprotein expression, posttranslational maturation cleavage of GP1 and GP2 by SKI-1/S1P protease, glycoprotein transport to the cell surface plasma membrane, formation of infectious virus particles, and acid pH-dependent glycoproteinmediated cell fusion.
The Arenaviridae comprise a group of enveloped RNA viruses that include several causative agents of hemorrhagic fevers in the New World and Africa. Among these are Lassa fever virus (LASV) and Junín virus (JUNV). The prototypic arenavirus, lymphocytic choriomeningitis virus (LCMV), has a bisegmented, single-stranded, negative-sense RNA genome. Each of the two segments uses an ambisense coding strategy to direct the synthesis of two polypeptides. The large (L) segment (7.2 kb) encodes a small RING finger protein, Z, and the RNA-dependent RNA polymerase, the L protein, while the small (S) segment (3.4 kb) encodes the nucleoprotein, NP, and the glycoprotein (GP) precursor pGPC (5) . The 498-aminoacid pGPC of LCMV consists of three domains (Fig. 1A ) that are produced as independent polypeptides by posttranslational processing: residues 1 to 58 comprise the stable signal peptide (SSP), which is cotranslationally cleaved by signal peptidase and followed by the GP precursor GPC (residues 59 to 498), which is further processed into GP1 (residues 59 to 265) and GP2 (residues 266 to 498) (5, 7, 26) by the cellular protease, SKI-1/S1P (3). GP1 is heavily glycosylated, contains the receptor binding site and antibody neutralization sites, and is noncovalently associated with GP2. GP2 contains a transmembrane region and anchors the GP complex in the lipid bilayer of the cell membrane and virus envelope (6) . LCMV cell entry involves a fusion event that requires exposure to acidic pH (9) to trigger GP1 dissociation from GP2 and to induce irreversible conformational changes in GP2 that mediate membrane fusion (10) .
Signal peptides (SPs) mediate protein translocation into the lumen of the endoplasmic reticulum (ER), promoting proper folding and posttranslational modifications of these polypeptides. Following translocation, an SP is typically cleaved and released into the ER membrane (23) . Typical SPs range in size from 15 to 25 amino acids and contain a hydrophobic core of approximately seven residues, a polar C terminus of approximately five residues, and a net positive N terminus of variable length (24) . Notably, the highly conserved SSPs of LCMV and LASV contain 58 amino acids (11, 16) , which is unusually long for a canonical SP. Arenavirus SSPs contain a conserved Nterminal myristoyl moiety acceptance site (G2), an N-terminal extension, two hydrophobic domains (H1 [residues 10 to 32] and H2 [residues 34 to 53]) separated by a single positive charge (K33), and a C-terminal SP cleavage site (residues 54 to 58). Arenavirus SSPs are present as stable polypeptides in infected cells and are also found in viral particles (16) . LASV SSP cleavage is a prerequisite for GPC posttranslational cleavage into GP1 and GP2 (11) . LASV SSP replacement with a heterologous mammalian or viral SP does not affect pGPC expression, translocation, and SP release, but GPC cleavage into GP1 and GP2 requires trans-complementation with a bona fide LASV SSP (12) . Likewise, myristoylation of the SSP of the New World arenavirus JUNV was shown to be strictly required for GP-mediated cell fusion (27) . The conserved lysine at position 33 of JUNV SSP (K33) is also critical for GP-mediated cell fusion, and the charge at that position affects the pH at which fusion occurs (28) . Moreover, the JUNV SSP associates specifically with the cytoplasmic domain of GP2, which appears to mask an ER retention signal, thus ensuring that only fully formed GP complexes leave the ER (2) .
The SSP functional domains and mechanisms responsible for the multiple and distinct roles of the arenavirus SSPs remain largely unknown. We have analyzed the expression and activities of a panel of mutated LCMV SSPs with the aim of gaining a clearer understanding of SSP functions. We show that single amino acid changes in the SSP can selectively interfere with a variety of downstream GP functions, including transport to the cell surface, formation of infectious particles, and pH-dependent fusion, although pGPC expression and cleavage remain relatively unaffected.
MATERIALS AND METHODS
Cell lines. DBT murine astrocytoma cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 10 mM HEPES, and 1% penicillin-streptomycin. BHK-21 cells were maintained in DMEM supplemented with 10% FBS, 10 mM HEPES, 1% penicillin-streptomycin, and tryptose phosphate broth. 293T cells were maintained in DMEM with 10% FBS.
Plasmids and transfections. All SSP deletion and point mutants were made from pCMV-WT GP (LCMV Arm53b pGPC) by use of a QuikChange PCR mutagenesis kit (Stratagene), and mutations were confirmed by automated dideoxynucleotide sequencing. Each SSP mutation appears in the context of the full-length pGPC gene. pCMV-SSP-WT was made from pCMV-WT pGPC by adding stop codons in frame at the end of the SSP (residue 58 of pGPC) to allow for expression of wild-type (WT) SSP only. DSP is an SSP deletion construct made from the parent vector, pCMV-WT GP, with the sequence encoding the first 58 amino acids deleted, up to the naturally occurring methionine at position 59. Plasmids expressing the LCMV L (pC-L), NP (pC-NP), and Z (pC-Z) proteins and T7 RNA polymerase (pC-T7) under the control of a modified chicken ␤-actin promoter, as well as minigenome (MG) 7 under the control of a T7 promoter, have been described previously (19, 21) . All transfections were performed with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions, using 2.5 l Lipofectamine/g plasmid DNA. Transfection medium was removed and replaced with fresh medium at 5 h posttransfection.
Western blots. 293T cells were lysed at 48 h posttransfection in lysis buffer (2% sodium dodecyl sulfate [SDS], 50 mM Tris-HCl, pH 6.8, 15% glycerol, 0.1% bromphenol blue, 0.1 M dithiothreitol). Cells were scraped, collected in lysis buffer, boiled for 10 min, and then passed three times through a 30-gauge needle.
Lysates were then separated by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. Membranes were then blocked with 5% powdered milk in phosphate-buffered saline (PBS) for 1 h at room temperature, probed with primary anti-GP2 monoclonal antibody 33.6 (25) overnight at 20°C, washed three times with 0.05% NP-40 in PBS, probed with an anti-mouse secondary antibody conjugated to alkaline phosphatase for 2 h at 20°C, and washed an additional three times. Bound antibody was visualized by incubation with Tris-buffered nitro blue tetrazolium and 5-bromo-4-chloro-3-indolylphosphate. Blots were scanned and then quantified using ImageJ software (1) .
Immunofluorescence assay. Transfected 293T cells were collected, washed in cold PBS with 1% bovine serum albumin, and then incubated for 30 min with the mouse monoclonal antibody 33.6. Following primary antibody incubation, cells were washed three times and then incubated for 30 min with anti-mouse-fluorescein isothiocyanate (FITC). Cells were finally washed three times, fixed with 2% normal buffered formalin in PBS, and counted by fluorescence-activated cell sorting (FACS). Data were analyzed using FlowJo and WinMDI software.
VLP infectivity assay. Virus-like particle (VLP) assays were done as described previously (19, 21) . Briefly, 293T cells (1.5 ϫ 10 6 ) growing in 35-mm-diameter wells were transfected with pC-L (1 g), pC-NP (0.8 g), pC-Z (0.1 g), pC-T7 (1 g), and pT7-MG#7 (0.5 g) together with the indicated WT or mutant pGPC plasmid (0.5 g). At 72 h posttransfection, VLP-containing supernatants (1.5 ml) were harvested and clarified at 3,000 ϫ g for 10 min at 4°C. Aliquots of the clarified supernatant (600 l) were used to infect fresh monolayers of BHK-21 cells. After 5 h of adsorption, the inoculum was removed, and LCMV ARM helper virus was added at a multiplicity of infection of 3 to provide the viral trans-acting factors required for RNA replication and expression of the MG RNA brought into the cells by the VLPs present in the transfected cell supernatant. After adsorption for 3 h, the inoculum was removed and fresh medium was added, and at 72 h postinfection, BHK-21 cells were lysed and assayed for chloramphenicol acetyltransferase (CAT) expression to quantify VLP infectivity.
CAT enzyme-linked immunosorbent assay to quantify VLP infectivity. Cells were collected in cold PBS, and whole-cell extracts were made by resuspending cell pellets in 0.25 M Tris-HCl, pH 7.5, freeze-thawing them three times, and collecting the supernatant. The concentration of CAT, in ng/ml, for each wholecell extract was measured using a CAT enzyme-linked immunosorbent assay kit from Roche Applied Science, Indianapolis, IN.
DBT cell fusion assay. DBT cells were transfected with WT pGPC and mutated SSPs, and at 24 h posttransfection, cells were exposed to pH 5 buffered medium for a 1-hour interval, returned to neutral pH for 1 hour, and then fixed Statistical analysis. Statistical comparisons were generated using Instat software (Graphpad). A Pearson (r) correlation statistic was calculated to compare the relative power of each functional assay in predicting the results of the other functional assays presented in this study. The mean data presented in Table 1 were entered as a matrix, with each column representing a functional assay and each row relating to one specific mutated construct. The correlation coefficient was then calculated for pairs of columns (functional assays), excluding any rows (mutated constructs) that were not analyzed in both of the assays being tested.
RESULTS

Generation of SSP mutations.
We designed a panel of mutated SSPs (Fig. 1C) based on previous studies of arenavirus SSPs and SPs in general as well as on common amino acid characteristics revealed by alignment of arenavirus SSP sequences (Fig. 1B) . The LCMV SSP contains two hydrophobic domains, yet either one alone would suffice to allow translocation of pGPC into the ER lumen (13) . To assess the individual role of each of the two hydrophobic domains present within the SSP, we generated deletion mutants H1D and H2D. To examine the roles affected by potential LCMV SSP myristoylation, we introduced an alanine mutation, G2A, at the conserved myristoylation site. Sequence conservation at the N terminus of SSP led us to construct mutants with the additional mutations Q3A, P12A, P12G, DE16/17AA, and DE16/17KK to assess the respective functional contributions of these residues. The conserved basic residue K33 marks the boundary between the two hydrophobic domains, and it may be required to properly orient SSP in the lipid bilayer (18) . To investigate charge requirements at residue K33 within the LCMV SSP, we generated mutants with the mutations K33A, K33R, and K33D. To evaluate the role of the highly conserved asparagine residues at positions 20 and 37 (N20 and N37), we generated mutants with the following mutations: N20A and N37A (alanine substitution), N20Q and N37Q (conservative substitution), and N20K and N37K (polar substitution). Near the C terminus of SSP, there are two highly conserved cysteine residues, C41 and C57. C41 of the LASV SSP has been shown to be involved in SSP dimerization via disulfide bond formation (13) . We therefore generated C41A and C57A LCMV SSP mutants to assess the role of these residues in LCMV GP functions. We also generated mutations to alter a highly conserved phenylalanine at position F49 of SSP, namely, F49A, F49L, and F49Y. Finally, we mutated the highly conserved leucine and glycine residues present at positions 52 and 54, respectively, to alanine (L52A and G54A). The full mutated SSP panel is detailed in Fig. 1C .
Effects of SSP mutations on pGPC expression and processing. To assess the role of the SSP in pGPC expression and processing, we transfected 293T cells with mutated SSP pGPC constructs and used the corresponding cell lysates in Western blot assays. Membranes were probed with a monoclonal antibody specific for GP2. The presence of the GP2 antigen in both the unprocessed pGPC and processed GP2 allowed us to compare overall levels of pGPC expression and the efficiency of GPC processing into GP1 and GP2. A representative Western blot is shown in Fig. 2A , and the results obtained from the complete set of mutated SSPs are summarized in Table 1 . The double banding pattern for GPC may possibly represent uncleaved pGPC and GPC. The intermediate bands seen migrating between GPC and GP2 are unidentified and may be related to aberrant GPC processing or posttranslational modifications. Most mutations did not impair pGPC expression, with the exception of the H2D mutation, which abrogated pGPC expression, and the P12G, DE16/17KK, K33A, K33D, N37A, N37Q, L52A, G54A, and H1D mutations, all of which resulted in reduced pGPC expression levels. Several mutations within the SSP resulted in greater expression levels of pGPC than those of WT pGPC. The SSP is essential for GP1/GP2 cleavage (12) , and thereby, in some cases, SSP mutations may have contributed to increased levels of uncleaved GPC in the transfected cells. Table 1 shows the percentage of GP1/GP2 cleavage relative to that of the WT for all SSP mutants tested.
Sixteen of the SSP mutations tested resulted in aberrant GPC cleavage, including the P12A, P12G, DE16/17KK, N20A, N20Q, N20K, K33A, K33R, K33D, N37A, N37Q, N37K, C41A, L52A, G54A, and C57A mutations, whereas the H1D mutation resulted in nearly undetectable levels of GPC cleavage. These results highlight the functional importance of absolute conservation of some residues located near the borders of the hydrophobic regions extending from residues 18 to 32 and 41 to 54 and stress the role of the SSP in GPC expression and processing. Effects of SSP mutations on GP cell surface localization. We next examined the effects of SSP mutations on transport of the GP complex to the cell surface, where viral assembly and budding occur. For this experiment, cells were transfected with the various pGPC constructs, and cell surface expression of GP2 was determined by FACS. Expression levels of GP2 derived from pGPC expression with mutated SSPs were normalized with respect to GP2 levels obtained from WT pGPC. Representative results are shown in Fig. 2B , whereas a summary of the results obtained with all SSP mutants tested is shown in Table 1 . Mutations DE16/17KK, K33D, C57A, H1D, and H2D caused Ͼ50% reductions in GP2 expression at the cell surface, while several others were less severely impaired. Because the antibody we used for the immunofluorescence assay does not distinguish between GPC and GP2, we cannot rule out that some mutated SSPs with non-WT levels of cleaved GP2 localized to the cell surface, since proper GPC cleavage is not required for cell surface localization. Although some of the mutations near the N terminus of the SSP inhibited expression at the cell surface, GPC transport appeared to be more sharply affected by mutations in the signal peptidase recognition region as well as by charge reversal and alanine scanning mutations flanking the hydrophobic region extending from residues 18 to 32. Charge reversal may have the side effect of affecting SSP membrane topology and, thereby, any SSP functions dependent upon correct SSP topology. c Relative intensity of GP2, expressed as a percentage of the cleavage observed in WT control cells. The methodology was duplicated from the percent expression, as described above, with typical standard deviations ranging from 4 to 8% of the means.
d Calculated using the formula FI ϭ ͓1 Ϫ (number of cells/number of nuclei)͔, based on examination of at least four microscopic fields. Standard deviations between 1 and 24% of the means were typical.
e Percentage of infectivity in a VLP system relative to the WT control, as measured by MG CAT expression. Standard deviations are shown in Fig. 4C .
f NT, not tested.
Effects of SSP mutations on the generation of infectious VLPs. All mutated SSPs with WT or near-WT levels of pGPC expression and processing were tested for the ability to form VLPs, using previously described procedures (19, 21) . Reporter gene expression can be driven only by the intracellularly reconstituted viral polymerase, and VLP formation and infectivity closely mimic the corresponding steps by a bona fide virus during its natural course of infection. VLP infectivity was assessed based on levels of reporter gene expression in BHK cells that were coinfected with VLPs produced by transfected cells and a bona fide LCMV helper virus to provide viral transacting factors required for RNA replication and expression of the MG RNA associated with infectious VLPs. Results for all SSP mutations tested are shown in Fig. 3 and Table 1 . Some of our mutated SSPs were unable to form infectious VLPs at WT levels; these included the G2A, E9A, P12A, P12G, and DE16/ 17AA mutants, despite their having WT or near-WT levels of pGPC expression, processing, and cell surface localization. These results suggest that the amino-terminal region of the SSP may be essential for virus particle formation and/or fusion with a host cell and that this SSP function is distinct from pGPC expression, processing, and trafficking.
Rescue of noninfectious VLPs by trans-complementation with WT SSP. The WT SSP was added to the six-plasmid VLP system to determine its ability to act in trans to rescue VLP infectivity. Unlike the mutated SSPs, which were expressed as part of the pGPC polypeptide, the WT SSP was expressed alone as only the first 58 amino acids of pGPC. With each SSP mutation that displayed less than WT VLP infectivity, expression of the WT SSP in trans was able to partially or fully restore VLP infectivity (Fig. 3) . The G2A, E9A, K33D, L52A, and C57A mutants, which had reduced or no VLP infectivity, were restored to near-WT levels, and the P12A, P12G, DE16/17AA, N20A, N20Q, N20K, K33A, K33D, and G54A mutants, which showed little or no infectivity, exhibited only a partial restoration of infectivity. In selected instances, notably, for the N37A, N37Q, and N37K mutants, infectivity was restored to levels greater than the WT level. Rescue of particle infectivity by the addition of the WT SSP in trans suggests not only that the SSP is involved in creating infectious VLPs but that this activity is distinct from its roles in pGPC expression, processing, and localization to the cell surface.
Effects of SSP mutations on GP-mediated cell fusion. We considered the possibility that SSP mutations affected VLP infectivity by interfering with either the formation of correctly assembled virus particles, the virus fusion event, or both. To distinguish between these possibilities, we tested each mutated SSP with altered VLP infectivity in a cell fusion assay. We transfected each mutated SSP construct into DBT cells and assayed its ability to promote syncytium formation. A representative example of the fusion assay is shown in Fig. 4A , and a summary of the results obtained with all SSP mutations tested is presented in Table 1 . The results show that for the G2A, DE16/17KK, N20A, N20K, K33A, K33D, and N37A mutants, loss of VLP infectivity could be explained at least partially by a loss of SSP function in GP-mediated cell fusion. In contrast, the noninfectious VLP E9A, P12G, DE16/17AA, and N37K mutants permitted GP-mediated cell fusion at near-WT levels, whereas the P12A and G54A mutants exhibited partially fusogenic phenotypes. These results suggest that in some cases, the loss of VLP infectivity was not determined by a lack of SSP fusion activity but, instead, by a defect in infectious particle formation. We observed that, with the exception of the G2A mutant, there was no infectivity when the FI fell below 0.5 (Fig. 4B) , but GP-mediated fusion alone does not guarantee particle infectivity. Our findings indicated that the SSP is involved in both particle formation and GP-medi- Rescue of fusion by trans-complementation with WT SSP. We next examined whether a subset of SSP mutants deficient in GP-mediated cell fusion, but with WT levels of pGPC expression, processing, and transport, could be complemented in trans with the WT SSP to restore cell fusion (Fig. 4C ). All mutated SSPs tested could be trans-complemented with the WT SSP to WT or near-WT fusion levels, with the exception of the SSP with the putative myristoylation-inhibiting mutation G2A. The mutated G2A SSP could only be restored to just over 50% of WT fusion with trans-complementation, suggesting a requirement for SSP myristoylation in cis.
Effects of SSP F49 mutations on pGPC expression, processing, and cell surface transport. Proteins involved in virus budding often contain late domains. One type of late domain is typified by a YXXL motif, which functions by binding host adaptor proteins AP1 and AP2, which associate with clathrin (20) . FXXL is an accepted variant of the YXXL motif. To probe the functionality of the strictly conserved FXXL motif present in the SSP, we generated F49A, F49L, F49Y, and L52A mutants and tested them for pGPC expression and GPC processing into GP1/GP2. As shown in Table 1 , the L52A mutant was similar to the WT SSP in each of the functional assays, exhibiting only a slight defect in expression and cleavage. The F49A and F49L mutants had near-WT levels of pGPC expression, whereas the mutated F49Y SSP exhibited reduced pGPC expression (Fig. 5A and Table 1 ). While none of the F49 mutants exhibited WT levels of GPC cleavage into GP1 and GP2, all three showed intermediate levels of processed GP2 normalized to GPC expression ( Table 1) .
The conserved FXXL motif could act as an internalization signal, and therefore mutations within this domain might result in an increased cell surface localization of GP (14, 15) . We therefore examined cell surface GP expression of F49 mutants ( Fig. 5B ; Table 1 ). Our results showed that cell surface GP expression of the F49L mutant was significantly reduced compared to the WT level of cell surface localization, while the F49A and F49Y mutant expression levels were similar to that of the WT. These findings suggest that it is highly unlikely that the conserved FXXL motif functions as a canonical internalization signal. Another possibility is that residue F49 is part of a potential neutral lipid binding domain (NLBD) involved in SSP membrane association and positioning. Sequence comparison with an NLBD showed that a region of the LCMV SSP beginning with F49 is very similar to an NLBD motif, although direct observation of mutational effects on SSP membrane association was not performed in the present study.
Effects of SSP F49 mutations on VLP infectivity. To further assess the function of the conserved F49 residue in the SSP, we examined the effects of SSP F49 mutations on the formation of infectious VLPs. The F49A and F49L mutants yielded essentially no VLP infectivity, while the F49Y mutant gave nearly WT VLP activity. Notably, the conservative F49Y mutation restored VLP infectivity despite the mutant having reduced GPC processing into GP1/GP2. All three F49 mutant SSPs exhibited WT VLP infectivity levels upon trans-complementation with the WT SSP ( Fig. 6A ; Table 1 ).
Effects of F49 mutations on GP-mediated cell fusion. To further dissect which aspect of the infectious process was inhibited by the SSP mutations in the VLP assay, we tested individual F49 mutants in a pH-dependent cell fusion assay. The F49A mutant was defective in syncytium formation, while the F49L and F49Y mutants showed slightly reduced and WT cell fusion activities, respectively ( Fig. 6B; Table 1 ). This result was expected for the F49A mutant, given that its GP cell surface localization and GP1/GP2 processing were 39% and Western blotting was performed under reducing conditions with 293T cell lysates at 48 h posttransfection. The membrane was probed using a GP2-specific monoclonal antibody to visualize GPC expression levels and GP1/GP2 maturation cleavage. (B) F49 mutant SSP cell surface localization. An immunofluorescence assay was performed with 293T cells at 48 h posttransfection. Surface expression was visualized using a GP2-specific monoclonal antibody with a FITC-labeled secondary antibody. Cells were then fixed and counted using a FACSCalibur flow cytometer. FlowJo software was used for analysis, and data are reported as percentages of positively stained cells.
13% those of the WT, respectively. In contrast, the fusion results for the F49L and F49Y mutants were unexpected. The F49L mutant showed only 51% of the WT GP cell surface localization, and both the F49L and F49Y mutants exhibited Ͻ30% of WT GPC cleavage, yet both were highly active in the GP-mediated cell fusion assay.
DISCUSSION
The work presented here supports the view that the LCMV SSP plays multiple roles in the virus life cycle and that its different functions are mediated by distinct domains and residues within the SSP. We fully characterized 20 different pGPC SSP mutants (Table 1 ). Correlation analysis (Table 2) revealed that altered GP transport to the cell surface did not predict mutation-induced changes in other SSP functions with statistical significance, possibly because our assay did not distinguish between properly and improperly formed GP complexes. Our results showed a correlation between pGPC processing and cell fusion as well as infectivity. A particularly strong correlation between cell fusion and infectivity was observed. The unique aspect of this analysis is in the establishment of a functional hierarchy for SSP (i.e., pGPC expression is a prerequisite for processing, processing is a requirement for fusion, etc.). An expression of this hierarchy would be as follows: expression Ͼ GP1/GP2 cleavage Ͼ fusogenicity Ͼ infectivity. A defect in one function accurately predicts defects in subsequent SSP activities, while the ability to perform one function does not guarantee the ability to perform other downstream SSP activities. It is anticipated that as future studies uncover novel functions for SSP, this hierarchy can be elaborated.
Our two most comprehensive mutations are H1D and H2D, with each deleting a region including one of the two conserved hydrophobic domains of SSP, H1 (18-32) and H2 (41-54). In a previous study using the LASV SSP, it was shown that either the H1 or H2 hydrophobic domain was sufficient for pGPC translocation into the lumen of the ER but that deletion of the second hydrophobic domain led to reduced SP cleavage from pGPC (13), which is a prerequisite for GP1/GP2 maturation cleavage (12) . We observed that our somewhat larger H1D and H2D mutations abrogated virtually all SSP functions. Both H1D and H2D deletion mutations included previously unidentified critical residues for other SSP functions, which explains the loss of activity of the mutants. These results indicate that a fully functional SSP requires additional signals outside both the H1 and H2 domains for native activity.
Myristoylation of the JUNV SSP was shown to be required for GP-mediated cell fusion (27) , and the site is conserved across the arenaviruses, including the LCMV SSP. The G2A mutation designed to disrupt the conserved potential myristoylation site caused reduced VLP infectivity and blocked GPmediated fusion but left all other SSP functions relatively intact. This suggests that the myristoylation site at position G2 of SSP is important for LCMV fusion upon entry into host cells. The Q3A and T6A mutations, despite affecting highly conserved residues, showed little or no inhibition in any of our tests of SSP function. The E9A mutant SSP showed normal GPC expression, processing, and cell surface localization and GP-mediated cell fusion but failed to yield WT levels of VLP infectivity. We observed the trend that infectivity is severely impaired when the FI is below 0.5 (Fig. 4B) . However, the E9A mutant had an FI of 0.73, demonstrating that while GP-mediated fusion is required for efficient infectivity, it is a separate and distinct function from infectious particle formation. The E9A mutant's reduced VLP infectivity could be restored by trans-complementation with the WT SSP. The E9A mutation likely causes a loss of particle formation or GP incorporation.
The P12A SSP mutation affects a weakly conserved domain similar to -P-X-V, where is any aromatic amino acid and X is any amino acid, which was found to be critical for paramyxovirus budding (22) . In the LCMV SP, the sequence is LPHI, and the one conserved across the arenaviruses is I/L/V-P-Xhydrophobic residue. We noted but did not test for functionality of a largely conserved YXXL domain (4) near the N terminus of the SP due to the lack of robust conservation. The P12A mutation did not affect pGPC expression or cell surface localization but caused reduced GPC processing, yet the P12A mutant was unable to form infectious VLPs. This could be explained, at least partly, by a reduced level of GP-mediated fusion that correlated with the reduction in GP cell surface localization. The fact that the P12A mutant could still partially function in the acid-induced fusion assay suggests that the mutation also affects some aspect of GP complex or virus particle formation. Since proline is often involved in secondary structure formation, allowing for tight turns, we also tested the P12G mutation to see if using the smallest side chain possible would give the SSP additional flexibility and restore its activity. The P12G mutant was unable to restore VLP infectivity but did have WT or near-WT levels of pGPC expression, GPC processing and cell surface localization, and GP-mediated cell fusion. These results confirmed that P12 is critical for the SSP's role in particle formation. The fact that the P12A and P12G mutants yielded no infectious VLPs yet the P12G mutant could aid in GP-mediated cell fusion, while that of the P12A mutant was reduced, suggests that the roles of SPs in infectious particle formation and GP-mediated fusion are independent of each other. Due to the loss of infectious VLP infectivity with the P12G mutant with maintained fusogenicity, it is possible that P12 is part of a viral budding domain similar to -P-X-V. Asparagine residues at positions 20 and 37 are strictly conserved among arenavirus SSPs. All mutations tested at either N20 or N37 disrupted one or more SSP functions. Given the mutational effects observed at these two residues, N20 and N37 can both be inferred to play critical roles in SSP function. N20 is strictly required for VLP infectivity, with no substitutions tolerated in that assay. N20 and N37 are also necessary for GPC processing, showing little or no rescue with conservative substitutions.
Lysine 33, which resides between the two hydrophobic domains of the SSP, is conserved among all arenaviruses. The K33R mutant achieved WT levels of pGPC expression, cell surface localization, and GP1/GP2 processing. The K33A and K33D mutants both had reduced pGPC expression, processing, and cell surface localization. This result led to the conclusions that a positive charge is favored over no charge and that no charge is favored over a negative charge at position 33 for pGPC expression, processing, and cell surface transport. For VLP infectivity and GP-mediated cell fusion, a positive charge at position 33 is required: both the K33A and K33D mutants showed no VLP infectivity or GP-mediated cell fusion, while the K33R mutant had near-WT levels of both. The JUNV SSP also demonstrated a strong preference for a positive charge at position 33 to achieve optimal acid pH-dependent cell fusion (28) .
The central region of the LCMV SSP, from P12 to K33, displayed an interesting phenotype when probed in our VLP assay. All mutants with substitutions in that region, with the exception of the K33R mutant, were unable to efficiently form infectious VLPs, indicating that this region is critical for particle infectivity, as are other elements of the SSP. However, the inability of the WT SSP to fully rescue particle infectivity when combined with central region mutants suggests that it has a cis-acting role in infectious particle formation. Unlike the other elements of the SSP, whose functions can be restored by the addition of the WT SSP in trans, the central region of the SSP is the first to be assigned a cis-acting role in the viral life cycle beyond translocation of a nascent polypeptide into the lumen of the ER. Another possibility is that some of the SSP mutations may cause the SSP to act in a dominant-negative manner, thereby blocking the function of the WT SSP added in trans.
The C41A mutant SSP performed all SSP functions at WT levels, with the exception of reduced GP1/GP2 processing, which is surprising given that C41 is required for LASV SSP dimerization (13) . This leads to the conclusion that in the case of the LCMV SSP, either C41 is not required for SSP dimerization or SSP dimerization is not required for the SSP functions observed in the present study. The opposite situation exists for the C57A mutation. C57 was not required for LASV SSP dimerization, but for the LCMV SSP, the C57A mutation rendered the SSP largely nonfunctional. The C57A mutant reached near-WT levels of pGPC expression, but the SSP functions of GP1/GP2 processing and cell surface localization were severely inhibited. C57 is not part of the typical signal peptidase recognition motif of small, uncharged residues at positions Ϫ1 and Ϫ3 (24) (residues 56 and 58 of SP), so a loss of SSP cleavage is not a likely explanation for the phenotypes observed with the C57A mutation.
F49 also proved to be a key residue for SSP function. Despite strict conservation of a potential FXXL domain at positions 49 to 52, based on our observations, FXXL in the LCMV SSP is not involved in GP internalization. The F49A and F49L mutants were similar to the WT for pGPC expression, with reduced processing and cell surface transport. If the conserved FXXL domain were involved in GP internalization, an increase in cell surface localization would have been expected when the conserved motif was mutated, but this was not the case. Yet F49 is clearly required for SSP function, as the F49A mutant did not form infectious VLPs or facilitate GP-mediated cell fusion. The F49L mutant was also unable to form infectious VLPs but was still capable of GP-mediated cell fusion. The F49Y mutant had reduced GPC expression and processing but near-WT GP cell surface localization, yet despite these reductions, and unlike the F49A or F49L mutant, the F49Y mutant achieved near-WT levels of VLP infectivity and GPmediated cell fusion. These observations indicate that position 49 of the SSP requires an aromatic side chain and that a hydrophobic substitution is not sufficient to retain SSP function. The fact that VLP infectivity was fully restored to WT levels for all of the F49 mutants, unlike the case for mutations made in the cis-acting region of the SSP, suggests that F49 is a critical residue in a chaperone function of the SSP. Results for other mutants in our study revealed that this chaperone function may map to the C terminus of the SSP, as L52A, C57A, and G54A mutants also exhibited reduced levels of GP processing and/or cell surface localization. A C57A mutation in the JUNV SSP was recently studied, and while no inhibition of SSP cleavage was found, the alanine substitution did prevent SSP association with the GP complex and subsequent trafficking (29) . Our results with the LCMV SSP C57A mutant confirm those observations.
We observed that mutations within the LCMV SSP that did not affect the typical SP motif per se, i.e., a hydrophobic region followed by an appropriate cleavage site, did, however, cause a loss of basic SP function. This suggests that the LCMV SSP may function differently from a canonical SP. Thus, the term "signal peptide" may not be the most apt to describe the LCMV SSP. The LCMV SSP is involved in multiple aspects of GP function during the viral life cycle, including GP-mediated cell fusion and the generation of infectious particles. Our data shown here and those by others (12) indicate that the SSP can act independently from other viral proteins. The observation that trans-complementation with the WT SSP can restore normal function for some mutated SSPs further supports the unique features of the arenavirus SSPs compared to canonical signal peptides.
Our results have shown that the LCMV SSP is involved not only in GPC expression, processing, and cell surface localization but also in particle formation and GP-mediated fusion. Moreover, it appears that within the SSP, specific domains and residues direct each of these functions (Fig. 7) . Further studies are needed to elucidate the role of the SSP in particle formation and the components of the SSP required for that function.
